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PROJECT OVERVIEW

The goal of the HEDLight program is to develop a complete remote source lighting system
for area, task, and navigational lighting on naval platforms. Within the scope of the overall
program is the development of the source, distribution system, and luminaire, along with the
integration of the entire system. The technical objectives of the program emphasize the
attainment of high efficiency with regard to electrical, mass, and luminous output. In addition,
the output of the luminaire should achieve certain spectral and spatial uniformity specifications.
The program is divided into three phases, with efficiency goals increasing in each subsequent
year. Figure 1 shows the expected technical milestones for the overall program. SRI is one of
two contractors developing the luminaire for the system. Fiberstars, Inc., is the other luminaire

contractor.
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Figure 1 — Overall technical goals for the HEDLight Program.

In year 1 of the program, SRI was tasked with developing the luminaire using hollow-core
waveguide technology. For a complete technical discussion of year 1 accomplishments, please
refer to Appendix A. Upon completion of the first year of work, DARPA decided to refocus the
effort on developing special-purpose point luminaires to be used for task lighting or as
navigational beacons for naval ships. This application requires a cut-off Lambertian angular
distribution (Figure 2), a compact form factor, and lightweight design. Most of year 2 was spent
down-selecting designs for the compact specialty point luminaires. Appendix B contains a
complete technical description and final results of the down-selection process.
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Figure 2 — Examples of cut-off Lambertian distributions represented in direction cosine space.

TECHNICAL PROGRESS

As described in Appendix B, the decision was made at the end of year 2 to optimize and
build a small-scale side-fire luminaire prototype. Before the design could be finalized, we needed
to further investigate several options for beam expansion and homogenization. These decisions
would have a direct impact on the choice of vendors for the final product. The primary concern
was that the angular spread achievable with COTS diffusers made by Physical Optics
Corporation (POC) would not approximate the desired Lambertian distribution closely enough.
The options we considered were as follows:

1) Develop a method for pre-expanding beam prior to entering POC diffuser
2) Use custom structured diffusers manufactured by RPC Photonics (RPC)

3) Test molded diffusers from POC to see if they had better performance than the COTS
items.

Each of these will be described briefly in a separate section.

Pre-Expansion

One of the initial pre-expansion methods we considered was to use a tapered fiber to
increase the angular spread of the light entering the luminaire. Figure 3 shows a CAD image of a
tapered fiber model.



Figure 3 — CAD model of a tapered fiber expander at the end of the input fiber.

The model results are shown in Figure 4. The input for this model was an angular source
distribution matching the sources coming out of the HEDLight program. Given the numerical
aperture constraints of the input fiber and the constraints on taper length, the resulting expansion
from the fiber was minimal and led us to abandon this approach.
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Figure 4 — HEDLight source distribution modeled through tapered fiber, showing
minimal expansion of angular spread.



Structured Diffusers

RPC Photonics of Rochester, New York, has a unique approach to making diffusing
elements. They pattern a refractive structure on a surface, which allows them to control the
output light distribution precisely for a given input distribution. Figure 5 shows an electron
micrograph of an RPC diffuser along with some of the patterns they are able to create.

Figure 5 — Electron micrograph of an RPC structured diffuser surface along with
images of sample angular distributions.

One possibility is that a properly designed structure would in fact obviate the need for
taking advantage of the total internal reflection off the top surface of the side-fire prism. The
structured diffuser could be designed to take the light from the fiber and directly shape it into a
half-Lambertian distribution. RPC indicated in several discussions that they thought this was
possible, but that it would require a significant research effort. Had this option presented itself
earlier in the program, we believe it would have merited significant attention. However, given
schedule and budget constraints, the decision was made to focus on our original design.

We therefore began to assess whether RPC could produce a structured diffuser pattern that
would provide a full Lambertian pattern. They performed modeling to provide us with an
estimate of what they thought they could achieve. Figure 6 shows a plot of an ideal Lambertian
distribution, a theoretical curve sent by RPC, and the first two attempts by RPC to manufacture
diffusers to meet the requirements. For these two initial attempts they had difficulty matching the
theoretical curve for the high angles and the low angles simultaneously. Figure 7 shows a plot of
their next two attempts at meeting the requirements. For these two samples, they moved much
closer to what we needed, but as can be seen in the blue curve, asymmetry was an issue. This
was because the scale of the structures was too large, leading to undersampling of the structured
pattern. At this point, again due to schedule and budget constraints, the decision was made to
move forward with the POC diffuser approach, as we felt this had the lowest risk.
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Figure 6 — Plot showing theoretical performance of RPC Lambertian diffuser with first
two measured attempts.
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Figure 7 — Plot showing theoretical performance of RPC Lambertian diffuser along with
measurements of two final samples. Sample performance improved, but out of
concerns over reliability, schedule, and budget the decision was made to not
continue pursuing this option.

POC Molded Diffusers

Physical Optics Corporation is a developer of holographic diffusers. They have an
established track record of molding diffuser patterns into custom-molded optics. We presented
them with a design for a side-fire luminaire with their diffuser molded into the input face.
Because of their proprietary diffuser design, POC would accept the project only if they could act
as the system integrator. Ideally we would have taken the diffuser mold insert to a plastic optics
molder of our choice, but under the terms of our agreement with POC, this was not allowed.



After several iterations, we began receiving parts from POC. Figure 8 shows a couple of
images of the typical POC molded parts, none of which had adequate quality to be useful. At this
point they are still trying to perfect their process. They have since produced molded parts with
dimensions and tolerances that are likely adequate, but they have not been able to demonstrate
the ability to simultaneously mold in a diffuser and maintain overall prism quality.

Figure 8 — Images of the typical poor quality of POC molded luminaires.

SUMMARY

The performance of the side-fire luminaire relies on a key optical element: the input
diffuser. Few vendors are able to manufacture diffusers of sufficient angular range, as the market
for such diffusers 1s small. RPC Photonics has a technology that showed promise and might have
provided a path to selecting more capable molders of plastic optics than those POC produced. In
addition, it would be worthwhile to investigate the possibility of using structured diffusers to
directly produce the desired angular distribution without relying on features of the molded
optical part.
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PROJECT OVERVIEW

The goal of the HEDLight program is to develop a complete remote source lighting system
for area lighting on naval platforms. Within the scope of the overall program is the development
of the source, distribution system, and luminaire, along with the integration of the entire system.
The technical objectives of the program emphasize achieving high efficiency with regard to
electrical, mass, and luminous output efficiencies. In addition, the output of the luminaire should
achieve certain spectral and spatial uniformity specifications. The program is divided into three
phases, with efficicncy goals increasing in each subsequent year. Figure 1 shows the expected
technical milestones for the overall program. SRI is one of two contractors developing the
luminaire for the system. Fiberstars, Inc., is the other luminaire contractor.
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Figure 1 — Overall technical goals for the HEDLight Program with SRI's contribution highlighted in red.

The approach SRI has followed is to develop the luminaire based on hollow-core waveguide
technology. These waveguides can be constructed from microstructured, prismatic polymer films
such as Optical Lighting Film (OLF) developed by 3M Corporation. Such waveguides are
extremely lightweight compared with solid-core fiber guides. Figure 2 shows the general concept
of how prismatic film can be used for development of hollow-core waveguides. Shown are the
angular distributions for the transmitted and reflected components of light incident onto the
prismatic film, along with a concept for a cylindrical waveguide with a diffuse extractor running
the length of the tube. Figure 3 shows several other conceptual designs for hollow-core
waveguides using the prismatic film.



transmitted —

z reflected .

incident
Yy 4"&

Figure 2 — Angular distributions for transmitted and reflected components of diffuse light incident on
prismatic film, along with conceptual design for cylindrical hollow-core wavegquide.
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Figure 3 — Examples of extractor designs for hollow-core light guides using (a) double-wall OLF; (b)
single-wall OLF with selective scattering; (c-d) single-wall OLF combined with radiant mirror
film (black); (e) ray trace simulation of projected hemispherical output of design shown in (d),
when end-illuminated with a source simulating the output of a typical solid-core fiber.



A commercial company, TIR Systems of Vancouver, Canada, is currently using the OLF
technology to build long-distance luminaires for use in tunnels. We acquired one of the
luminaires from TIR systems and characterized it to determine whether it was sufficiently close
to meeting the program goals. It was not, so we continued to design and build versions of the
hollow-core luminaire that would meet the program goals.

We have developed our initial prototypes using the commercially available OLF, which is
made from polycarbonate. Because polycarbonate has a high bulk absorption coefficient, we
have been focusing our efforts on later prototypes, which duplicate the prismatic film in acrylic
using thermoforming techniques.

TECHNICAL PROGRESS

The reporting period described here covers the entirety of Phase I, from 4 February 2003 to
2 April 2004. The technical proposal divided the Phase I effort into two separate tasks,
Modeling and Prototype Development. We report on these tasks separately below.

Task 1: Modeling

The modeling work was done primarily using LightTools," with waveguide structures
designed using SolidWorks.” LightTools contains material absorption data for polymethyl
methacrylate (PMMA), but not for polycarbonate. Since we suspected that polycarbonate would
prove to be too absorbing to reach our efficiency goals, we performed most of the modeling
using PMMA as the material.

We began by modeling the basic prismatic film in a cylindrical configuration with various
outcoupling methods. It became clear that for a 1-m length, outcoupling most of the Jight
efficiently requires a cylinder of a fairly small diameter. At the kickoff meeting it was pointed
out that cylinders made from OLF with diameters smaller than approximately 4 in. demonstrate
markedly decreased efficiency due to bend-related stress induced in the material. This led us to
examine rectangular, trapezoidal, and triangular structures. In addition, we considered inward
facing as well as outward facing prismatic structures for the waveguide.

One of the initial decisions we needed to make was whether to use the prismatic film with
the prismatic surface facing inward versus outward. While the film was designed to be used with
the prism surface on the side opposite the guided light, the light still remains highly guided when
the prismatic surface is located on the interior of the lightguide. One advantage of locating the
prismatic surface interior to the waveguide is that the structure is somewhat more protected from
the elements.

' LightTools is an optical ray-tracing program developed by Optical Research Associates. Descriptions of the
program can be found at http://www.opticalres.com

% SolidWorks is a 3D mechanical design program. Descriptions of the program can be found at
http://www.solidworks.com




Figure 4 shows the angular distributions for reflection and transmission of the prismatic
film with diffuse light incident on both the flat surface as well as the prismatic surface. The
transmitted angular distributions are most important, since they determine the angular output of
light as seen exiting the luminaire. For the inward-facing facets, the transmitted distributions are
primarily concentrated at higher angles. If we consider a square luminaire (Figure 5), this
correlates to the light exiting the top facet being directed toward the sides, while light exiting the
sides of the luminaire gets directed toward both the floor and the ceiling. For certain
applications, this profile could be desirable. However, since the goal of this initial effort was to
produce a Lambertian angular distribution, we decided that using outward-facing facets was the
best approach.

Our design effort focused primarily on two waveguide shapes: rectangular and trapezoidal.
In addition to the waveguide shape, we needed to develop an appropriate outcoupler. Our initial
modeling effort focused on varying the waveguide shape while using a basic diffusing strip
running along the bottom of the waveguide as the outcoupler.

Figure 6 shows a CAD model of the trapezoidal design under consideration. The trapezoid
design has a height of 20 mm and a width of 60 mm, with the sides angled at 45° to the
horizontal plane. Figure 7 shows the angular distribution in direction cosine space for this
particular design. This distribution includes only the light propagating in the positive z
hemisphere, that is to say, light directed toward the floor if the luminaire were to be placed on
the ceiling. The angular distribution looks promising, as much of the light is directed away from
the center and more toward the sides. This directionality is useful in minimizing glare for people
walking down a hallway.

To calculate the efficiency for this design, we modeled a triangular diffusing strip along the
bottom of the luminaire for the outcoupler. The strip is narrowest at the end closest to the
source, and widens at the far end of the luminaire. For this model we assumed the diffusing strip
was 98% reflective. The initial model showed as much as 20% of the light exiting in the
negative z-direction (toward the ceiling), much of that exiting the prismatic film that surrounded
the outcoupler. By surrounding the trapezoidal luminaire with a reflective tray, we were able to
get the model to demonstrate approximately 85% of the light traveling in the positive z-direction.
But the primary advantage of the trapezoidal approach was that 1t had an interesting angular
distribution due to the light exiting the angularly oriented prismatic sheets. The reflective tray
has the additional advantage of producing a more Lambertian distribution than the trapezoidal
one. Since a rectangular luminaire would be somewhat easier to manufacture, we decided to
move our modeling effort in that direction.
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Figure 4 — Angular distributions in direction cosine space showing transmission and reflection through
prismatic film for light incident on planar side of film (outward-facing) and light incident on

prismatic side of film (inward-facing).

Figure 5 — End views of square box luminaire waveguides with (a) inward-facing and (b) outward-facing
prismatic surfaces. For the inward-facing prisms, the light is more strongly directed away from

(b)

the surface normal than for the outward-facing prisms.




Figure 6 — CAD model of trapezoidal luminaire design with coordinate system.
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Figure 7 — Angular distribution in direction cosine space for light exiting trapezoidal luminaire in the
positive z hemisphere.



Figure 8 shows a CAD model of the as-built luminaire design, including the diffuse
reflective backplane and the triangular diffusing outcoupler. Not shown are the source and the
two endcaps that redirect light back into the waveguide at each end. The design initially
assumed 98% reflectivity for the diffusing surfaces. We also assumed the material for the OLF
was PMMA. A complete absorption model is included with LightTools for PMMA, and the
transmission spectrum for this model is shown in Figure 9. With these assumptions, the model

indicated 85% efficiency in the desired hemisphere. If we lower the diffuse reflectivity to 95%,
the modeled efficiency drops to 77%.

Figure 8 — CAD model of final luminaire design, including triangular diffusing outcoupler and diffusing
reflector.

PMMA Transmittance

0.9
08 |
0.7 &
0.6
0.5
0.4
0.3
0.2
0.1

0

[~ Transmittance |

Transmittance (1/m)

350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 9 — Transmission model for PMMA included in LightTools.



While the modeled efficiency of the system meets the program specifications, there were
some concerns about the angular and spatial uniformity of the light exiting the luminaire. One
issue was that the light launched from the commercial off-the-shelf (COTS) input fiber has a
broader angular extent than can be guided by the prismatic film. Figure 10 shows the angular
distribution in direction cosine space for the output from the 19-mm Fiberstars fiber. The model
for the fiber was generously provided to us by Fiberstars. The maximum angular extent is 45°,
and much of the light is concentrated away from the central axis. The polycarbonate prismatic
film can guide light with a maximum angle of approximately 30°, and PMMA would have an
even lower acceptance angle. To keep light from leaking out of the waveguide prematurely and
at high angles of incidence, we designed a concentrator to limit the entrance angles into the
luminaire. Figure 11 shows a CAD image of the fiber with the concentrator, and Figure 12
shows the resulting angular distribution. Figure 13 (a) shows the angular distribution of the
complete luminaire system without the concentrator. The strong bright region at angles near 40°
corresponds to the light that is not trapped by the film and immediately leaks out of the
luminaire. Figure 13 (b) shows the final angular distribution with the concentrator in place. The
leaked light has largely disappeared. Further modifications to the concentrator design could be
made to improve the coupling further.
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Figure 10 — Angular distribution for light exiting COTS 19-mm transport fiber.
Maximum angular spread corresponds to approximately 45°.



Figure 11 — CAD image of transport fiber and concentrator.
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Figure 12 — Angular distribution for light exiting combination of transport fiber and
concentrator. Maximum angular extent is approximately 332.
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